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The vanilloid receptor (TRPV1) plays a role of the polymodal detector 
of nociceptive stimuli in a subset of small and medium sized primary sensory neurons 
in mammals. This channel can be activated by vanilloid compounds, low pH, and noxious 
heat, and its function is modulated by a wide range of endogenous and exogenous agents. 
Our results demonstrate that the reducing agent dithiothreitol (DTT) strongly 
potentiates both the native and recombinant rat TRPV1 channel when applied at millimolar 
concentrations to the external solution under intact whole-cell conditions. Since the effects 
of DTT were almost immediate, dose-dependent, and reversible, the contribution 
of extracellular cysteine residues within the putative pore-loop region of TRPV1, Cys616, 
Cys621, and Cys634 has been proposed. We show that the chemical modification 
of TRPV1 by both reducing and oxidizing agents leads to an increased response to heat. 
In addition, we identify the extracellularly located cysteine at position 621 which 
contributes to the DTT-induced potentiation of heat-activated currents mediated 
by TRPV1. Our data also indicate that capsaicin concentration is radically altered 
by the presence of oxidizing agents. More generally, the redox-active substances can 
substantially affect the activity of TRPV1 channels by influencing their modulators 
or coactivators. 
We further demonstrate that copper-o-phenanthroline (Cu:Phe), well known as 
an oxidizing reagent, acts as a channel blocker of the TRPV1 channels expressed 
in HEK293T cells and of the native capsaicin receptors expressed in rat DRG neurons. We 
show that the complex Cu-o-phenanthroline blocked the TRPV1 channel in a concentration 
dependent manner. The blocking effect of Cu:Phe was reversible, voltage-dependent, and 
did not involve extracellularly located cysteines. 
Our results indicate that the intracellular C-terminal tail of the vanilloid receptor 
in HEK293T cells is required for channel activation. The truncation of 31 residues was 
sufficient to induce changes in functional properties of TRPV1 channel. More pronounced 
effects of C-terminal truncation were seen in mutants lacking 72 aa. These changes were 
characterized by a decline of capsaicin-, low pH-, and heat-sensitivity. Truncation 





Vanilloid receptor 1 [transient receptor potential (TRP)V1, formerly VR1] has been 
suggested to function as a multimodal signal transducer of noxious stimuli 
in the mammalian somatosensory system (Caterina et al. 1997). Noxious thermal stimuli 
(< 43 °C), acidic pH (< 6.8), or the alkaloid irritant capsaicin are required to open 
the TRPV1 channel. At room temperature and  pH of 7.3, TRPV1 behaves 
as a voltage-gated outwardly rectifying nonselective cation channel, because it can be 
activated strongly by depolarizing voltage steps in the absence of any agonist (Chuang et 
al. 2001; Reeve and Bevan 2002; Vlachova et al. 2002). The molecular structure of TRPV1 
was identified by (Caterina et al. 1997) as a protein consisting of 838 amino acids with six 
transmembrane segments, a pore-forming loop between TM5 and TM6 and 
with the N- and C- terminals located intracellularly. Apparently four identical subunits 
form the functional nonselective cation channel (Jahnel et al. 2001; Kedei et al. 2001; 
Kuzhikandathil et al. 2001). 
Although much knowledge of the structure and function of the TRPV channel 
subfamily has accumulated recently (for review, see Nilius and Voets 2005; Pedersen et al. 
2005; Ramsey et al. 2006), the critical structural domains and the mechanisms by which 
various external stimuli translate into channel gating remain poorly understood. A TRPV1 
variant, the stretch-inactivated channel (SIC), has a truncated N-terminal domain and 
shares identical transmembrane spanning domains with TRPV1 (Schumacher et al. 2000b). 
Another TRPV1 variant, the VR 5‘ splice variant, which is also insensitive to vanilloids, 
low pH, and thermal stimuli, encodes a C-terminal domain identical to TRPV1 but lacks 
the major part of the N terminal (Schumacher et al. 2000a). It has been suggested that 
the C-terminal domains of the TRP receptors act to ensure the uniqueness of their function 
(Xue et al. 2001). In the predicted TRPV1 C terminal, a serine residue S800 that can be 
directly phosphorylated by protein kinase C (Numazaki et al. 2002) and a putative 
Walker-type nucleotide-binding site (L726-W740) have been identified to date (Kwak et 
al. 2000). However, how the C-terminal domain contributes to the conformational stability 
of TRPV1 channel and the extent to which it influences its function still remain to be 
determined. 
The function of the vanilloid receptor is modulated by a wide range of endogenous 
and exogenous agents (for review, see Planells-Cases et al. 2005). Among them, redox 
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agents have previously been shown to influence ligand binding to the capsaicin receptor 
(Szallasi et al. 1993; Szallasi et al. 1995). TRPV1 contains 18 cysteine residues of which 
three C616, C621 and C634 are located on the extracellular side of the receptor, 
in the pore-forming loop and the region flanking it. The existence of these cysteine 
residues of TRPV1 prompted us to explore whether the activity of the vanilloid receptor 
can be regulated by redox-active substances. In an attempt to identify the mechanisms 
involved in the redox modulation of TRPV1 channel, the effects of different oxidizing and 
reducing agents on capsaicin- and heat-induced membrane currents were studied 





3. Experimental questions 
 
 
The general objective of the present study was to characterize the cellular 
mechanisms of modulation of the vanilloid receptor and describe how is the molecular 
structure related to the function of the TRPV1 receptor. 
 
The specific aims of our experiments were to: 
 
1. Describe the effects of reducing and oxidizing agents on TRPV1 activation 
and identify amino acid residues that participate in this type of modulation. 
 
2. Determine the mechanism of TRPV1 inhibition by an oxidizing reagent 
copper-o-phenanthroline. 
 
3. Functionally characterize the C-terminal region of the vanilloid receptor 
by using site directed mutagenesis and homology modeling, with a focus 







Preparation of cell cultures: 
 
DRG culture of the rat 
Primary cultures of dorsal root ganglion (DRG) neurons were prepared in two 
steps. The experiments were carried out according to the guidelines of the European 
Community’s Council Directive and with approval of the Institutional Animal Care 
and Use Committee. Two- to three-day-old Wistar rats were anaesthetized 
with ether and decapitated. Hippocampi were removed, dissociated with trypsin and 
plated on collagen-coated glass coverslips in a nutrient medium composed of 90% 
Eagle's minimum essential medium (MEM) and 10% fetal bovine serum. When 
the glial cultures became confluent, usually after 6-9 days, the medium was 
switched to nutrient-supplemented MEM with 5-fluoro-2-deoxyuridine 
(15 mg ml-1), uridine (35 mg ml-1) and 10% horse serum to minimize cell division. 
In the second step, we took 2- to 3-day-old rats of the same breed and killed them 
according to the same protocol as mentioned above. Afterwards we dissected dorsal 
root ganglia and incubated them at 37 °C in phosphate-buffered saline (PBS) 
containing 2% collagenase for 45 min and then in PBS with 0.3% trypsin 
for 10 min. The ganglia were then rinsed with calcium- and magnesium-free PBS 
and dissociated by trituration using a fire-polished Pasteur pipette. DRG cells were 
plated on the glial feeder layer cultures, grown in a medium composed of 90% 
MEM and 10% fetal calf serum and maintained at 37 °C in a water-saturated 
atmosphere with 5% CO2. The next day the medium was replaced 
by a nutrient-supplemented MEM containing 10% horse serum and 
5-fluoro-2-deoxyuridine (15 mg ml-1) and uridine (35 mg ml-1). Nerve growth 
factor (mNGF 2.5S; Alomone Laboratories, Israel; 30 ng ml-1) was added 
to the nutrient medium, which was changed twice a week.  
 
Transfection and maintenance of HEK293T cells 
HEK293T cells (SD 3515; American Type Culture Collection, Manassas, VA) 
were cultured in OPTI-MEM I (Invitrogen, Paisley, Scotland) supplemented 
with 5% fetal bovine serum. Cells were plated on to dishes coated with collagen 
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at a density ~180,000 cells cm-2. 293T cells were transfected transiently 
with 300 to 400 ng/dish recombinant plasmid DNA encoding wild-type or mutant 
rat TRPV1 in pcDNA3 vector (wild-type kindly provided by D. Julius, San 
Francisco, CA) using either the LipofectAMINE 2000 (Invitrogen) 
or Magnet-assisted transfection (IBA GmbH, Göttingen, Germany) method 
according to the manufacturers’ protocols. To identify the transfected cells 
in the electrophysiological experiments, DNA plasmid encoding green fluorescent 
protein (GFP) in pQBI 25 vector (TaKaRa, Kyoto, Japan) was cotransfected 
at a concentration of 400 ng/dish. Transfected cells were replated onto glass 
coverslips (three 12-mm coverslips per 35-mm dish) coated with collagen and 
poly-L-lysine. Electrophysiological experiments were performed 24 to 48 h 
after transfection. For each experimental group, five to eight GFP-positive cells 
per coverslip were studied from at least three different (independent) transfections. 
 
Constructions of mutants of TRPV1 receptor: 
Rat TRPV1 mutant were constructed by PCR amplification using rat 
TRPV1-specific overlapping primers synthesized to contain a point mutation 
converting the respective nucleotides at wanted positions. The QuikChange XL 
site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used according 
to the manufacturer’s protocol to perform point mutations in TRPV1. All 
site-directed mutated constructs were confirmed by DNA sequencing using 
an automated sequencer (ABI PRISM 3100; Applied Biosystems, Foster City, CA). 
 
Immunohistochemistry: 
Polyclonal anti-TRPV1 raised against the peptide corresponding to the N terminal 
of rat TRPV1 (Affinity BioReagents, Golden, CO) was diluted 1:1000 in PBS. 
FITC-conjugated donkey antirabbit IgG (Abcam, Cambridge, UK) was used 
in a 1:100 dilution in PBS as the secondary antibody. Before seeding and 
transfection of the cells, three coverslips were placed in the culture dish. 
Twenty-four hours after transfection, the cells on the coverslips were washed once 
with PBS, fixed with 4% paraformaldehyde for 30 min, and permeabilized 
with 0.5% Triton X-100 in PBS for 5 min. After permeabilization, the cells were 
washed three times for 10 min in PBS and then incubated for 30 min in PBS 
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solution with 0.25% BSA and 0.25% gelatin to eliminate nonspecific binding. Cells 
were incubated overnight at 4 °C with primary antibody, washed three times 
in PBS, incubated with secondary antibody for 1 hour, and washed again three 
times in PBS. Immunostained HEK293T cells were visualized using confocal laser 
scanning microscopy (MRC 600; Bio-Rad, Hercules, CA) attached to an inverted 
microscope (Nikon Diaphot; Nikon, Tokyo, Japan). 
 
Electrophysiology: 
Whole-cell membrane currents were recorded using an Axopatch-1D amplifier and 
pClamp8 software (Axon Instruments, Foster City, CA). Electrodes were pulled 
from borosilicate glass; after fire polishing and filling, they had 
a resistance of 2-4MΩ. The series resistance was usually < 10 MΩ and was 
compensated to ~80%. A system for fast superfusion of the neurons was used 
for drug and heat application. It consisted of a manifold of seven fused silica 
capillaries connected to a common outlet made from a glass capillary around which 
insulated copper wire (20 µm thick) was coiled to pass direct current for heating 
the solutions superfusing the neuron under investigation (Dittert et al. 1998). 
The temperature of the superfusing solution was measured by a miniature 
thermocouple inserted into the outlet capillary near its orifice that was placed 
< 100 µm from the cell under investigation. Before and after the test solutions, 
the cells were superfused with control extracellular solution of the following 
composition (in mM): 160 NaCl, 2.5 KCl, 1 CaCl2, 2 MgCl2, 10 HEPES, and 
10 glucose, pH adjusted to 7.3 with NaOH. The intracellular pipette solution 
contained (in mM): 125 Cs-gluconate, 15 CsCl, 5 EGTA, 10 HEPES, 2 NaCl, and 
0.5 CaCl2, pH adjusted to 7.3 with CsOH. Capsaicin was dissolved in 100 µl 




The oxidizing reagent, Cu(II)-1,10-phenanthroline, was freshly prepared prior 
to each experiment and used within 4 h at room temperature. CuSO4 was 
solubilized in H2O (200 mM stock solution) and mixed with 1, 10-phenanthroline 
(Sigma; 200 mM stock solution in ethanol). The final concentrations of copper and 
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1, 10-phenanthroline in the bathing solution were mixed in a molar ratio of 1:4 
(CuSO4 : 1, 10-phenanthroline). The final concentration of ethanol was < 0.001%. 
DTT, H2O2, glutathione (GSH), and diamide were prepared from a stock solution of 
1, 10, and 1 M, respectively, in distilled water; the final dilutions were used 
for about 8 h. N-Ethylmaleimide (NEM) was freshly prepared before each 
experiment from a stock solution of 2 M in ethanol. The final concentration 
of ethanol was < 0.05%. DTNB was diluted directly into the bath solution 
to achieve the final concentration. The experimental extracellular solutions 
containing the redox reagents were prepared, and the pH was adjusted immediately 
before use and checked after the experiments. 
 
Molecular modeling: 
The C-terminal sequence from 690 to 838 was aligned with the known x-ray 
structure of the fragile histidine triad (FHIT) protein, extracted from the Protein 
Data Bank (entry 1FIT; http://www.rcsb.org/pdb/). The primary structure of this 
protein shows a high degree of similarity (44%) with the TRPV1 C terminal. 
The primary structures were aligned with the template structures by ClustalX 
(Thompson et al. 1997) and adjusted manually when necessary. Three-dimensional 
models of the C tail constituted by all nonhydrogen atoms were generated 
by the Modeller 6 package (Sali and Blundell 1993). All the obtained models were 
subjected to a short simulated annealing refinement protocol available in Modeller. 




All data are expressed as means ± SEM. Overall statistical significance was 
determined by ANOVA. In cases of significance (p < 0.05), statistical comparisons 
were performed by Student’s t test for individual groups. A rectification index (RI) 
of voltage-gated TRPV1-mediated whole-cell membrane currents was calculated 
using the following equation: RI  = [I+60/(60 -Vrev)]/[I-40/(-40-Vrev)]. Here, I+60 and 
I-40 are the steady-state amplitudes of the responses recorded at holding potentials 
of +60 and -40 mV, and Vrev is the estimated reversal potential. The temperature 
coefficient Q10 was used to characterize the temperature dependence 
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of the membrane current (Vyklický et al. 1999). Data sampled at the rising phase 
of the temperature ramp were pooled every 0.5 °C. The absolute current values 
were plotted on a log scale against the reciprocal of the absolute temperature 
(Arrhenius plot). Q10 values were determined by using the following formula: 
Q10 = exp[∆T x Ea/(R x T1 x T2)], where R is the gas constant, ∆T =10 Kelvin, and 
Ea is an apparent activation energy estimated from the slope of the Arrhenius plot 
between absolute temperatures T1 and T2. Dose-response data were fitted 
to the Hill equation, as follows: I = Imax[(capsaicin)n/([capsaicin]n + EC50n)], where I 
is the normalized current at a given concentration of capsaicin, Imax is the maximal 





5.1. Reducing and oxidizing agents sensitize heat-activated current 
of the vanilloid receptor TRPV1 
 
Our results demonstrate that the reducing agent dithiothreitol (DTT) reversibly, and 
in a concentration dependent manner, facilitates membrane currents induced by noxious 
heat and by capsaicin in DRG neurons isolated from rat as well as in rat 
TRPV1-transfected HEK293 cells. In DRG neurons, the membrane currents induced 
at 45 °C were increased significantly in the presence of 30 mM DTT by 2.5 ± 0.5 (paired 
t-test, p < 0.0001; n = 15). In TRPV1-HEK293 cells IHEAT induced at 45 °C elevated 
from 654 ± 213 pA to 891 ± 293 pA by addition of 2 mM DTT which is 1.5-fold increase 
(1.5 ± 0.2; paired t-test, p < 0.001; n = 19). DTT also shifted the threshold to lower 
temperature, 34 °C and 40 °C, in the DRG and in the TRPV1-transfected cell, respectively 
(Fig. 1). Mock cells marked only with GFP are completely insensitive to noxious heat, 
capsaicin and combination of these two algogenic agents, indicates that facilitatory effects 




Figure 1. DTT increases membrane current induced by noxious heat. (A) Membrane currents 
induced by 3 sec ramps of increasing temperature of the superfusing solution to 49 °C in a cultured 
DRG neuron. The temperature applied is shown above the records. DTT (30 mM) was applied 
for the time indicated by the bar above the record. (B) The diagram shows current-temperature 
relationships in the control, in DTT and after washing. (C, D) The same as in (A, B) in a HEK293 
cell transfected with rat TRPV1, the concentration of DTT was 2 mM. The cells were clamped 
at a membrane potential (MP) of -70 mV. 
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Since the effects of DTT were almost immediate, dose-dependent and reversible, 
the contribution of extracellular cysteine residues within the pore-loop region of TRPV1, 
C616, C621 and C634 has been proposed. We substituted these residues with glycine 
either individually or as a triple mutant (3CYS) and tested the effects of redox-active 
substances on the whole-cell membrane currents induced by heat. 
In the presence of DTT (10 mM), heat-activated currents were potentiated in all 
constructs over the temperature range of 37-47 °C; however this effect was significantly 
reduced in the C621G and 3CYS (p < 0.05; n = 11 and 16) (see Fig. 2). These finding 
suggest that the cysteine residue at position 621 is included in the modulation 
of the TRPV1 channel by the DTT on the extracellular side. The 3CYS mutation did not 
fully abolish the potentiating effects induced by DTT. We exclude the possibility that some 
effects of DTT on 3CYS might be caused by chelation of trace amount of divalent cations 
and we also made an attempt to exclude the involvement of protein kinase C (and perhaps 
also PKA or calcium/calmodulin-activated protein kinase II) activation by DTT. 
The remaining sensitivity of 3CYS to DTT observed in our experiments could thus be 
unrelated to thiol-disulfide exchange (Alliegro 2000).  
 
 
Figure 2. DTT-induced potentiation of heat-evoked currents reduced in C621G and 3CYS 
mutants of heterologously expressed rat TRPV1. (A) Representative families of whole-cell 
currents evoked in wild-type, C621G, and 3CYS mutants by 3 sec ramps of heated solutions 
from 24-48°C in extracellular control solution, in the presence of 10 mM DTT, and recovery 1 min 
later. (B) Average heat-induced currents were normalized to currents evoked at 47 °C 
in extracellular control solution shown with error bars representing S.E.M.  
 
During whole-cell recordings, extracellular application of the membrane 
impermeable physiological reducing agent GSH (10 mM) mimicked the effects 
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of 10 mM DTT in potentiating the heat-induced membrane currents. The mutation 
of the three extracellular cysteines (3CYS) fully abrogated the effects of GSH 
on heat-evoked responses (Fig. 3). These data confirm that sulfhydryl groups facing toward 
the extracellular side of the membrane are indeed involved in regulating the activity 
of the TRPV1 channel by reducing agents.  
 
 
Figure 3. Reducing agent GSH mimics effects of DTT. (A) GSH-potentiated whole-cell currents 
evoked by temperature ramps in wild-type TRPV1. Current values normalized to currents evoked 
at 46 °C in extracellular control solution. Averaged currents shown with error bars representing 
S.E.M. (B) GSH failed to affect 3CYS mutant.  
 
Our result demonstrate that membrane-permeable oxidizing compounds such 
as diamide, chloramine-T and H2O2 also strongly potentiate the heat-evoked activity 
of TRPV1 and that the 3CYS mutation does not influence the effects of these agents 
(see Fig. 4). The membrane-impermeable cysteine-specific oxidizing agent DTNB has no 
effect on wild-type TRPV1-mediated heat-induced currents. These results together strongly 
suggest that there are no oxidizable residues exposed to the surface that may contribute 
to TRPV1 function. We cannot rule out that the effect of the membrane-permeable 
oxidizing agents might be a result of alteration in the activity of a protein putatively 
associated with TRPV1 or the involvement of second messenger signalling cascades. We 
found that alkylating agent NEM specifically reacts with free sulfhydryl groups, which, 
in a manner that depends on the preceding treatment with DTT, results in irreversible 
changes in the activity of the TRPV1 channel. Thus thiol-reactive agents seem to modulate 




Figure 4. Oxidizing agent diamide irreversibly potentiates TRPV1-mediated heat-induced 
membrane currents. (A) Effect of diamide on heat-evoked response in HEK293T cell expressing 
WT-TRPV1. Temperature protocol is shown above. Dashed lines indicate zero membrane current 
in all records. (B) Summary of effects of diamide on heat-evoked currents in five HEK293T cells 
expressing wild-type TRPV1. Currents normalized to current obtained at 45 °C before application 
of diamide, and normalized values represent means ± S.E.M. (C) Representative heat-induced 
responses recorded from HEK293T cell transiently transfected with 3CYS mutant of TRPV1.  
 
In this study, we examined the effects of redox-active substances 
on the heat-induced membrane currents, because increasing the temperature above ~ 42 °C 
activates the channel directly (Tominaga et al. 1998). This experimental approach has 
the advantage that no ligand binding to the receptor is needed to gate the channels and 
direct modification of the ligand molecule by redox-active substances can be avoided. Our 
data indicate that capsaicin concentration is radically decreased by the presence 
of oxidizing agents (Fig. 5). More generally, the redox-active substances can substantially 
affect the activity of TRPV1 channels by influencing their modulators or agonists. 
 
 
Figure 5. Oxidizing agents influence capsaicin-induced activity of TRPV1 by decreasing its 
concentration. Representative traces of capsaicin-induced whole-cell responses recorded 
from HEK293T cell transfected with WT-TRPV1 (A) and 3CYS-TRPV1 (B) mutant. 
Capsaicin-induced currents were abolished by coapplication of capsaicin with 1 mM chloramine-T. 
Bars above the records indicate duration of drug application. The cells were clamped 
at a membrane potential of -70 mV. 
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Our studies using various sulfhydryl reagents may help to clarify the multiple 
mechanisms involved in the modulation of TRPV1 by changes in redox potential. 
To obtain a more complete picture of the molecular basis of redox modulation, we 
submitted the TRPV1 protein amino acid sequence from V596 to D654 to the predictive 
software program DiANNA (DiAminoacid Neural Network Application). The results 
from the cysteine oxidation state prediction molecule yielded a half-cystine for C621, 
which was in agreement with our observation that C621 is involved in the modulation 
of the TRPV1 channel by extracellular DTT. Based on this prediction software, it is likely 
that there are no intramolecular disulfide bonds within the TRPV1 receptor protein. The 
process of reduction and oxidation of C621, therefore, may involve an interaction of two 
adjacent TRPV1 subunits.  
 
 
5.2. Oxidizing reagent copper-o-phenanthroline is a blocker 
of the vanilloid receptor TRPV1  
 
Our results demonstrate that oxidizing reagent copper-o-phenanthroline blocks 
the TRPV1 channel. We showed that the blocking effect of Cu:Phe does not involve 
extracellularly located cysteines. 
We found that Cu:Phe (100:400 µM) produced a profound inhibition of IHEAT 
to 19.2 ± 4.6% (n = 8) (see Fig. 6b). Phenanthroline (400 µM) alone did not have 
a significant effect on IHEAT (102.8 ± 7.5%; n = 5), while CuSO4 at a concentration 
of 100 µM increased IHEAT by 44.6 ± 12% at 46 °C (n = 8). The responses to 1 µM 
capsaicin at room temperature were also effectively blocked by Cu:Phe (100:400 µM) 
(Fig. 6d). We demonstrate that Cu:Phe blocking effect on the capsaicin-induced currents 
was voltage dependent. Phenanthroline (400 µM) alone caused partial inhibition 
of the inward currents evoked by capsaicin at negative potentials (by 48.4 ± 12.9% 
at -70 mV; n = 7), while this inhibition was completely removed at positive potentials. 
Hundred micromolar CuSO4 applied together with 1 µM capsaicin did not exhibit 
significant effects on capsaicin-induced currents.  
We demonstrate that prolonged pre-exposure (~ 30 s) to Cu:Phe 100:400 did not 
affect responses induced by low pH; however, it produced a profound inhibition 
of the membrane currents during application of pH 5 solution. The time constant 
of inhibition of the low pH-induced currents by Cu:Phe was substantially longer 
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at the positive membrane potential + 40 mV (τon = 746 ± 113 ms) compared to that 
at -70 mV (τon = 146 ± 27 ms) indicating a pronounced voltage dependence of the channel 
block (see Fig. 7A). In order to eliminate the possibility that the inhibition could be due 
to the effects of free copper (II) or the uncomplexed form of o-phenanthroline, control 
experiments were performed using acidic solution (pH 5) applied with CuSO4 (100 µM) 
or o-phenanthroline (400 µM). At -70 mV, CuSO4 alone had no significant effects 
on pH 5-induced response. At a concentration of 400 µM, o-phenanthroline itself inhibited 
responses elicited by pH 5 (by 36 ± 11% when measured after 10 s of pH 5 application 
together with 400 µM; n = 6). We assessed the concentration dependence of the inhibition 
of the responses elicited by pH 5. Based on concentration-response data we calculated 




Figure 6. Complex Cu-o-phenanthroline blocks membrane currents induced by noxious heat 
and capsaicin in TRPV1 transfected HEK 293T cells. Whole cell membrane currents induced 
by a 3 sec ramps of heated solutions to 47 °C (a) in the control solution, (b) in the presence 
of Cu-o-phenanthroline 100:400 µM, (c) during wash. (d) The effect of Cu-o-phenanthroline 
100:400 µM on the capsaicin-induced response at room temperature and during the 3 sec ramp 
of elevated temperature to 47 °C. (e) Increase of the heat-induced membrane current 
in the presence of 1 µM capsaicin recorded 30 s later. The bars above the records show the duration 




Our results demonstrate that Cu:Phe blocked the capsaicin- and heat-induced 
response in DRG neurons to a similar extent as in the TRPV1-HEK293T cells. We also 
show that Cu:Phe blocked the capsaicin- and heat-induced response 
in 3CYS-TRPV1- HEK293T cells (see Fig. 8). These findings, together with an almost 
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complete reversibility of the Cu:Phe blocking effects, excluded the alternative that Cu:Phe 
inhibits the TRPV1 channel by modifiying the -SH groups of the cysteine residues 
on the extracellular side of the vanilloid receptor. Given the similarity of TRPV1 molecular 
architecture to other TRP family members, we demonstrate that TRPM8 receptor can be 




Figure 7. The effect of Cu:Phe on the membrane currents induced by pH 5 in HEK 293T cells 
expressing wild-type TRPV1. (A) The effect of Cu:Phe on the membrane currents induced 
by pH 5 at -70 mV and +40 mV. Note the outward rectification of the membrane current induced 
by pH 5 and the longer time constant of the onset of the inhibition produced by Cu:Phe 
on the positive membrane potential. The bars above the records indicate the time of drug 
application. (B) Dose response curve of the inhibition of the membrane currents induced by pH 5 





Figure 8. The effect of Cu:Phe 100:400 µM on heat and capsaicin-induced responses in HEK 
293T cells transfected with triple-mutant of TRPV1: C616G/C621G/C634G. (A) Whole cell 
membrane currents induced by a 3 sec ramps of heated solutions to 47 °C in the control solution 
and in the presence of Cu-o-phenanthroline 100:400 µM. (B) The effect of Cu-o-phenanthroline 
100:400 µM on the capsaicin-induced response at room temperature and during the 3 sec ramp 
of increasing temperature to 47 °C (shown above the record).  
 17
Our results demonstrate that the complex Cu-o-phenanthroline blocks the TRPV1 
channel. The fact that the blocking effect of Cu:Phe is reversible, concentration dependent 
and does not involve extracellularly located cysteines supported our presumption that 
a bulky, highly positively charged complex copper-o-phenanthroline enters 
the extracellular mouth of the channel and blocks it. Cu:Phe can be considered 
as an additional effective and reversible blocker potentially useful in further investigation 
of structure-function relationship especially of the pore regions of the TRPV1 and possibly 
other TRP channels.  
 
 
5.3. Functional role of C-terminal cytoplasmic tail of the vanilloid 
receptor TRPV1  
 
C-terminal truncations of rat TRPV1 have been constructed (see Fig. 9) 
to characterize the contribution of the cytoplasmic C-terminal region to TRPV1 function 
and to delineate the minimum amount of C tail necessary to form a functional channel.  
Our results indicate that the cytoplasmic COOH-terminal domain strongly influences 
the TRPV1 channel activity, and that the distal half of this structural domain confers 
specific thermal sensitivity. 
 
 
Figure 9. C-terminal truncations of vanilloid receptor TRPV1. Schematic representation 
of TRPV1 C-terminal deletions showing the six transmembrane-spanning domains, S1-S6, and 
a pore-forming region (hatched bars). 
 
 
Deletions of 31 and 42 residues from the C terminal (C∆31 and C∆42) did not 
cause significant changes in capsaicin- and proton-induced maximum currents at room 
temperature, whereas in mutant receptors C∆72 and C∆78, the sensitivities to these two 
activators were substantially reduced. The C∆104 mutation displayed no sensitivity 
to capsaicin over the entire temperature range examined. Sequential deletions of 72, 78, 
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and 104 residues from the C terminal also reduced the membrane currents elicited 
by protons; however, responses to pH 5 were still present in all of these mutants (Fig. 10). 
The thermal sensitivity of TRPV1 mutants was examined using standard ramps 
of increasing temperature from 25 to 47 °C. In the mutants C∆31 and C∆42, the magnitude 
of IHEAT at 47 °C was not significantly different from that of the wild-type TRPV1. 
In contrast, sequential deletions of 72, 78, and 104 residues from the C-terminal end 




Figure 10. Whole-cell membrane currents induced by heat, protons, and capsaicin 
in wild-type TRPV1 and C-terminal truncated mutants expressed in HEK293T cells. (A) 
Heat-evoked currents were induced by a 3 sec ramp of temperature increase to 49 °C in standard 
extracellular solution (left), acidic pH (pH 5; middle), and capsaicin (1 µM; right). The cells 
clamped at -70 mV were superfused for the time indicated by the open bars shown above 
the records. (B) Quantitative analysis was performed by first stimulating cells by heat 
(from 25 to 49 °C) in the extracellular solution, followed by a 30 sec washout, and then 
by stimulating them by heat in the presence of pH 5 or capsaicin. Mean ± SEM responses evoked 
by heat, capsaicin, and low pH measured at room temperature, 25 °C, are shown (p < 0.05; 
indicated with an asterisk). The numbers above each bar indicate the number of cells measured. 
 
Sequential deletions of 31, 42, and 72 residues from the C-terminal end also shifted 
significantly the thermal threshold to 38.6 ± 0.7 °C (n = 22), 32.5 ± 0.5 °C (n = 21), and 
28.6 ± 0.5 °C (n = 50), respectively. Deletions of 78 and 104 residues from the C-terminal 
end shifted the thermal threshold toward temperatures close to that in the bath (Fig. 11). 
To determine the extent to which the C-terminal tail participates in the regulation 
of TRPV1 channel activity induced by heat stimulation, the temperature coefficient Q10 
was estimated for each mutant. Interestingly, the distribution of Q10 in the truncated 
mutant channel lacking the final 31 aa from the C terminal was similar to the wild-type; 
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however, the activation threshold was decreased significantly. The temperature coefficients 
were markedly reduced in all of the other mutants examined (see Fig. 11D). 
 
 
Figure 11. Sensitivity to heat in C-terminally truncated mutant. (A) Representative 
heat-induced responses recorded from HEK293T cells transiently transfected with wild-type 
TRPV1, C∆31, C∆42, C∆72, C∆78, and C∆104 mutants. Heat-evoked currents were induced 
by a 3 sec temperature ramp (24-49 °C) in control extracellular solution. (B) Temperature response 
profiles of the heat-induced currents shown in A for wild-type, C∆31, and C∆42. (C) Thermal 
threshold values plotted versus the number of residues deleted from the C-terminal tail of TRPV1 
receptor. Sequential deletions of 31, 42, and 72 residues from the C-terminal end resulted 
in a significant shift of the thermal threshold to 38.6 ± 0.7 °C (SEM; n = 22), 32.5 ± 0.5 °C 
(n = 21), and 28.6 ± 0.5 (n = 50), respectively. Deletions of 78 and 104 residues 
from the C-terminal end caused a shift of the TRPV1 thermal threshold toward temperatures close 
to that in the bath. (D) The median Q10 plotted versus the number of residues deleted from 
the C-terminal tail of TRPV1 receptor. The ends of the boxes define the 25th and 75th percentiles, 
with a line at the median; error bars define the 10th and 90th percentiles. The asterisk indicates 
statistically significant difference from the wild-type (p < 0.05). 
 
 
At room temperature and at normal pH 7.3, the rat clone TRPV1 is activated 
by depolarizing voltages in the absence of any agonists (Reeve and Bevan 2002). 
To determine the role of the C terminal in voltage-dependent TRPV1 activation, 
the current-voltage relationships of HEK293T cells transfected with either wild-type 
or C-terminal truncated TRPV1 were examined. A comparison of the outwardly rectifying 
currents induced by depolarizing voltage steps to + 80 mV in the wild-type and 
in the C-terminal truncated TRPV1 constructs shows that there was a decrease 
in the outward current and a significant slowing of activation and deactivation kinetics as 
the number of C-terminal amino acid residues deleted was increased (Fig. 12). Mutations 
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C∆31 and C∆42 were less affected, whereas in mutants C∆72 and C∆78, the differences 
in voltage-activated currents were pronounced. A comparison of the current–voltage 
relationships of the mutants indicates that the current amplitudes at + 80 mV were reduced 
with shortening of the TRPV1 C terminal, suggesting that the proximal regions 
of the C-terminal tail were required for efficient voltage gating of TRPV1. The mutant 
C∆104 showed no sign of outward rectifying currents, and the leakage current was linearly 
related to membrane potential. To study the voltage-dependent gating of TRPV1 truncated 
mutants in more detail, the RIs of the I–V relationships for mutant constructs were 
compared. The RI of the C∆31 mutant was significantly higher than that of the wild-type 
receptor (median 9.08 vs 6.42 in wild-type). In contrast, voltage-dependent rectification 





Figure 12. Voltage-activated currents in wild-type TRPV1 and C-terminal truncated 
mutants. (A) Representative whole-cell membrane currents induced by a sequentially applied 
series of 50 msec voltage steps ranging from -140 mV to +80 mV, in +20 mV increments. 
The currents were measured at the end of each pulse (arrow). (B) Current-voltage relationship 
for wild-type and C∆31, C∆42, C∆72, and C∆78 mutants. Data were normalized to the value 
of the current at -40 mV. (C) For C∆31, RI was significantly higher than that for wild-type, 
whereas significantly less RI was observed for C∆72 and C∆78 mutants. The ends of the boxes 
define the 25th and 75th percentiles, with a line at the median; error bars define the 10th and 90th 
percentiles. The asterisks indicate significant differences from wild-type (p < 0.05). 
 
 
Truncation of the entire TRPV1 C-terminal domain was found to produce 
a nonfunctional channel. HEK293T cells expressing the C-terminal truncated mutant 
C∆155 did not respond to either capsaicin or heat. To explore whether the fully truncated 
mutant can insert into the cell membrane, we used a polyclonal antibody against the first 
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21 aa residues of the rat TRPV1 N-terminal end and confocal laser scanning microscopy 
to compare the surface expression of wild-type and the C∆155 mutant in transiently 
transfected HEK293T cells. There were no significant differences between the distribution 
patterns of anti-TRPV1 immunoreactivity in the wild-type and the C∆155 mutant (Fig. 13). 
This assay indicated that the population of truncated construct C∆155 was processed and 
not retained in the intracellular compartments, and that the C terminal was not essential 
for trafficking the receptor to the HEK293T cell surface. 
 
 
Figure 13. Surface expression of C-terminally truncated TRPV1 construct in transiently 
transfected HEK293T cells. (A) Confocal microscope image of wild-type transfected HEK293T 
cells. Permeabilized cells were immunohistochemically labeled using a polyclonal antibody against 
the first 21 aa residues of the rat TRPV1 N-terminal end. Cells were labeled with FITC-conjugated 
donkey anti-rabbit IgG secondary antibody and visualized with standard FITC filters. (B) Four 
HEK293T cells transiently transfected with truncated construct lacking the entire C terminal end 
C∆155. Scale bar, 5 µm. 
 
To explain and predict the involvement of the C-terminal domain in TRPV1 
channel function, the sequence of the TRPV1 C terminal from A690 to K838 was used 
for homology modeling. This section of the TRPV1 receptor shows a high sequence 
homology (44%) to the FHIT protein (fragile histidine triad), whose tertiary structure has 
been solved at 1.85 Å resolution (Lima et al. 1997). The overall predicted structure 
of the TRPV1 C tail can be described as a general α + β-type. In the molecular model 
based on homology with the fragile histidine triad protein presented here, the distal most 
31 aa residues of the TRPV1 C terminal (Q808-K838) correspond to the α-helical structure 
H2 and the large flexible loop connecting it with β-sheet 7. Removal of this region is 
sufficient to shift the thermal threshold for activation from 42 to 39 °C. The effects 
of the deletion of the remaining 11 loop amino acids in the mutant C∆42 (R797-K838) 
suggest the importance of β-sheets 6 and 7 in channel activation. This view is also 
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supported by construct C∆72, which lacks β-strands 6 and 7 (E767-K838) and displays 
profound changes in channel function. The thermal threshold dropped from 41.5 
to 28.6 °C, Q10 decreased from 25.6 to 4.7, and the currents induced by capsaicin, pH 5, 
heat, and voltage decreased significantly, suggesting a distinct role of these two β-strands 
in the C terminal of TRPV1. In the model of the mutant C∆104, the helix H1 is lost. 
Accessibility for multimerization in its entire length and its distribution of hydrophobic 





Figure 14. Molecular modeling of the TRPV1 C terminal. Predicted structure of the complete 
C terminal of TRPV1 and the truncated mutants. WT, Ribbon diagram of the wild-type C terminus 
(residues A690-K838). Homology modeling predicts two α-helices (H1, H2) and seven β-strands 
(1–7). Antiparallel strands 1 and 2 form a β-hairpin, and strands 3-7 form a five-stranded 
antiparallel sheet. C∆31, this mutant (residues A690-T807) lacks the α-helix H2. C∆72, in this 
construct (A690-C766), secondary structural elements H2 and β-strands 6 and 7 are missing. 
C∆104, the predicted structure of the truncated construct (A690-G734) consists only 
of β-strands 1–5. 
 
 
Our results demonstrate that the intracellular C-terminal tail of the vanilloid 
receptor TRPV1 in HEK293T cells is required for functional channel activation. Sequential 
deletions of the residues from the C terminal decrease channel sensitivity to capsaicin, low 
pH, and depolarizing voltage stimuli. However, the most striking effect of shortening 
the C terminal of TRPV1 was the altered sensitivity to heat. The threshold of heat-evoked 
currents was progressively shifted to lower temperatures with the decreasing length 
of the C-terminal tail. Deletions of 31 and 42 aa residues from the C terminal decreased 
the temperature threshold for channel activation by 3 and 9 °C, with little or no effect 
on capsaicin or proton responsiveness. 





1. Our results indicate that reducing and oxidizing agents sensitize 
heat-activated vanilloid receptor (TRPV1) current. Using site-directed 
mutagenesis, we identified cysteine 621 as the residue responsible 
for the extracellular modulation of TRPV1 by reducing agents. We show 
that increased responsiveness of TRPV1 evoked by oxidizing agents does 
not involve extracellular cysteines. We also demonstrate that the effects 
of oxidizing agents on capsaicin-activated TRPV1 channels are caused 
by a reduction in the concentration of capsaicin rather than by a redox-based 
mechanism. 
 
2. We demonstrate that the oxidizing reagent copper-o-phenanthroline 
(Cu:Phe) is a blocker of TRPV1 channel. The inhibiting effect of Cu:Phe is 
reversible, voltage- and concentration-dependent, and does not involve 
extracellularly located cysteines. 
 
3. We demonstrate that sequential deletions of the residues 
from the C terminal decrease TRPV1 channel sensitivity to specific stimuli 
(capsaicin, low pH, noxious heat, and depolarizing voltage). Particularly, 
the most prominent effect of shortening the C terminal is the altered 
sensitivity of TRPV1 to heat. Deletions of 31 and 42 amino acid residues 
from the C terminal decrease the temperature threshold for channel 
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